Introduction
Hybrid ligands with hard nitrogen and soft phosphorus donor sites are highly valuable in coordination chemistry and homogeneous catalysis. 1 In this context, we recently described Fig. 1 ), which proved to be efficient catalyst precursors for the rearrangement of aldoximes to primary amides in water. 4 Wan and coworkers also described a series of copper-catalyzed arylation reactions of amines 5 and thiols, 6 as well as palladium-catalyzed Suzuki-Miyaura cross-coupling processes, 7 employing 2-R 2 PC 6 H 4 CH=NOH (R = Ph, Cy) and their respective oxides as auxiliary ligands (albeit without isolation of the corresponding metal complexes). As already indicated in our previous work, the low interest aroused by this type of ligands is quite surprising since oximes (both ketoximes and aldoximes) present a rich coordination chemistry. 8 It is also striking that, despite being commercially available from different chemical suppliers at a relatively low price, 9 there are no additional works to those of Wan and ours with the phosphino-aldoxime ligand 2-Ph 2 PC 6 H 4 CH=NOH (1). This fact contrasts with the rich chemistry shown by its phosphino-aldehyde precursor 2-Ph 2 PC 6 H 4 CHO, 10,11 and structurally related phosphino-imine ligands 2-Ph 2 PC 6 H 4 CH=NR (R = aryl or alkyl group), which have been coordinated to a broad range of transition metals and have found application in multitude of catalytic transformations. -(P,N)-2-Ph 2 PC 6 H 4 CH=NOH} 2 ] (5), which could be isolated in 87% yield (Scheme 2). It is worthy of noting that the same reaction performed with only 1 equiv. of 1 did not allow the preparation of a monophosphine complex analogous to E (Scheme 1). Instead, the reaction led to the formation of a mixture of 5 and the unreacted precursor 3. spectroscopy) and elemental analysis (details are given in the Experimental section). The spectroscopic data showed that only one of the five possible stereoisomers is formed (Fig. 2) . Since these spectroscopic data did not allow to distinguish between stereoisomer II and III, to determine unambiguously the stereochemistry of 5, an X-ray diffraction study was carried out. X-ray quality crystals were obtained by slow diffusion of diethyl ether into a saturated solution of the complex in THF. An ORTEP diagram of the molecule, along with selected structural parameters, is shown in Fig. 3 . The ruthenium atom is in a slightly distorted octahedral environment with the two chloride ligands and PPh 2 units each mutually cis oriented (Cl ( 2 On the other hand, the close proximity of the hydroxyl-oxime functions to the chloride ligands enabled the establishment of intramolecular hydrogen bonds between both groups. 16 The distances and H} NMR) a singlet resonance at δ P 38.9 ppm, consistent with the coordination of the PPh 2 unit to the metal (Δδ = 53 ppm with respect to the free ligand), and (ii) ( (6) was subsequently explored. In particular, given the good results obtained with the palladium(II) derivatives A and B (Fig. 1 ) in the rearrangement of aldoximes to primary amides in water, 2 we initially focused on this catalytic transformation. It should be mentioned at this point that, despite several late-transition metal catalysts able to promote rearrangement of aldoximes to amides are already known, 3 examples active in aqueous media still remain scarce. 19 To our delight, employing the same experimental conditions to those used previously with palladium (pure water, 100 °C and a metal loading of 5 mol%), 2 both complexes were able to promote the rearrangement of commercially available (E)-benzaldoxime, providing benzamide in ≥ 85% yield (entries 1 and 2 in Table 1 ). The best results were obtained with the octahedral derivative 5, which was able to generate benzamide in 94% GC-yield after only 5 h (entry 1). In the reaction, the substrate was totally consumed and only a small amount of the intermediate benzonitrile (ca. 5%) was present in the crude. 20 The catalytic activity found for complex 5 compares favorably with that of the palladium complexes A and B, which required 24 h to generate the amide in similar yields. 2 Reduction of the catalyst loading to 3 mol% still produced benzamide in 93% GC-yield, although in this case the reaction rate decreased considerably (entry 3). The same happened when the reaction was carried out at 80 °C (entry 4). Compared with the arene-ruthenium(II) complexes F-H (Fig. 4) , which are the only ruthenium catalysts active in pure water previously reported in the literature, the effectiveness of 5 was very similar to that of F-G (98% GC-yield of benzamide after 5-6 h of heating at 100 °C with 5 mol% of Ru) 19b,e and slightly lower to that of H (93% GC-yield of benzamide after 7 h of heating at 100 °C with 3 mol% of Ru). 19c As expected, a blank experiment in the absence of 5 showed no benzamide formation after 5 h of heating. On the other hand, as shown in entry 6, the precursor complex 3 was also active in the reaction under the same experimental conditions, but it showed a poorer selectivity. On the other hand, the lower reactivity of the halfsandwich complex 6 vs 5 can be rationalized in terms of its cationic nature, which disfavors the generation of a vacant site on the metal by dissociation of the chloride ligand. 21 In complete accord with this, a marked increase in activity was observed when the rearrangement of (E)-benzaldoxime was performed with 6 in the presence of a Ag(I) salt (entry 5 vs 2). The versatility of the most active catalyst cis,cis,trans-[RuCl 2 {κ 2 -(P,N)-2-Ph 2 PC 6 H 4 CH=NOH} 2 ] (5) was subsequently explored using an array of other aromatic, heteroaromatic, aliphatic and α,β-unsaturated aldoximes. 22 As shown in Table   2 , the corresponding amide products were obtained in all the cases in good yields (≥ 91% by GC; ≥ 77% isolated yield after chromatographic purification). For the family of substituted benzaldoximes, influence of the electronic properties of the aryl rings on the activity of 5 was observed, those containing electron-withdrawing groups reacting faster (entries 2-8 vs 9-13). On the other hand, as expected on the basis of steric grounds, ortho-substituted substrates showed a lower reactivity compared to their meta-and para-substituted counterparts (entry 3 vs 4-5 and entry 9 vs 10-11). 19b,g However, compared to its 3-substituted isomer (entry 15), a longer reaction time was in this case required to obtain the desired picolinamide in high yield.
To further expand the catalytic utility of complex 5 we also explored its behaviour in one C-C bond forming reaction; the α-alkylation/reduction of acetophenones with primary alcohols. The α-alkylation of methyl-ketones employing alcohols as alkylating agents has been extensively studied in the last years with both homo-and heterogeneous catalysts, and represents a nice example of the borrowing hydrogen methodology (also known as hydrogen autotransfer methodology). 23 The process involves the initial catalytic oxidation of the primary alcohol into the corresponding aldehyde, which subsequently undergoes aldol condensation with the methyl-ketone substrate to generate an enone. Final catalytic reduction of the enone furnishes the saturated α-alkylated ketone product (Scheme 3).
Scheme 3
The α-alkylation and the α-alkylation/reduction of methyl-ketones with primary alcohols.
Despite its great synthetic potential for the preparation of secondary alcohols, a similar process in which the α-alkylated ketone product is reduced in an additional step has been comparatively much less studied (Scheme 3). 13 With regard to the use of ruthenium catalysts, Cho and co-workers reported the selective α-alkylation/reduction of both aryl and alkyl methyl-ketones with different primary alcohols employing 5 mol% of [RuCl 2 (PPh 3 ) 3 ] (2), 3 equiv. of the alcohol, and KOH as the base (3 equiv.). The reactions, which were performed in 1,4-dioxane at 80 °C for 40 h, delivered the desired saturated alcohols in 43-85% yield.
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Yus and co-workers also demonstrated that, depending of the stoichiometry employed, either alkylated ketones or the corresponding saturated alcohols can be obtained using 2 mol% of the complex cis-[RuCl 2 (DMSO) 4 ] (3) in combination with PPh 3 (2 mol%) and 1 equiv. of KOH in 1,4-dioxane at 80 °C. The saturated alcohols were isolated in 25-82% yield after 24 h when the primary alcohol was used in a two-fold excess relative to the methylketone. 25, 26 With these precedents in mind, we initially checked the catalytic behaviour of complex cis,cis,trans-[RuCl 2 {κ 2 -(P,N)-2-Ph 2 PC 6 H 4 CH=NOH} 2 ] (5) in the α-alkylation/reduction of acetophenone with benzyl alcohol in 1,4-dioxane at 80 °C. Thus, as shown in Table 3 , when the reaction was carried out with equimolar amounts of the reactants and KOH (1 equiv.) as the base, 24 h of heating were required to achieve a 96% conversion, the reaction affording a mixture of the desired 1,3-diphenylpropan-1-ol 8 and the intermediate α-alkylated ketone 1,3-diphenylpropan-1-one 7 in almost 1:1 ratio (entry 1). In addition, ca. 7% of 1-phenylethanol resulting from the conventional transfer hydrogenation (TH) of the acetophenone substrate was detected by GC in the crude reaction mixture. 24 An increase in the benzyl alcohol/acetophenone ratio to 2:1 and 3:1 led to a faster consumption of the ketone substrate, but 24 h were still required to generate the saturated arylcarbinol 8 as the major reaction product (up to 83% GC-yield; entries 2 and 3). At shorter times (3 h), the α-alkylated ketone 7 was in both cases the predominant species in solution. As in the previous case, small amounts of 1-phenylethanol were also formed. To our delight, better results in terms of both activity and selectivity were obtained when the same C-C coupling process was performed in toluene at 120 °C (entries 4-6). Under these conditions, the formation of 1-phenylethanol could be completely suppressed. In particular, employing a benzyl alcohol/acetophenone ratio of 3:1, the total consumption of acetophenone was reached in only 3 h, with the desired alcohol 8 being formed in a remarkable 87% GCyield (entry 6). 27 At this point, it is pertinent to note that, under identical conditions, the use of complexes [RuCl{κ (3) also resulted in the complete conversion of the starting acetophenone substrate after 3 h of heating. However, the selectivity of the process was in all the cases slightly lower (entries 7-8 vs 6). An additional experiment performed with complex 5 pointed out the need to use a stoichiometric amount of base to achieve an optimal selectivity towards the desired alcohol (entry 9 vs 6). A blank experiment in the absence of 5 was also performed, the reaction leading to a mixture of 7 and 8 in ca. 1:1 ratio.
Having established suitable reaction conditions to generate the desired 1,3-diphenylpropan-1-ol 8 in high yield (entry 6 in Table 3 ), the scope of the process was next explored. The results are summarized in Table 4 . As shown in entries 2-6, the reaction could be successfully expanded to a series of substituted acetophenone derivatives, which, regardless of their substitution pattern and electronic nature, readily reacted with benzyl alcohol to generate the corresponding secondary aryl-carbinols in 77-91% GC-yield (63-83% isolated yield after chromatographic work-up). As in the case of acetophenone (entry 1), minor amounts of the intermediate α-alkylated ketone were detected in all these reactions by GC. a Reactions were performed under Ar atmosphere starting from 1 mmol of the corresponding acetophenone (1 M in toluene) and 3 mmol of the corresponding primary alcohol. b Determined by GC (uncorrected GC areas), isolated yields after work-up are given in brackets.
c Differences between GC conversions and yields correspond to the α-alkylated ketone present in the crude reaction mixture.
d 16% of 1-phenylethanol and 7% of 1,5-diphenylpentan-1-one were detected by GC in the crude reaction mixture. e 19% of 1-phenylethanol and 8% of 1,6-diphenylhexan-1-one were detected by GC in the crude reaction mixture.
f 20% of 1-phenylethanol and 6% of 1-phenylhexan-1-one were detected by GC in the crude reaction mixture. g 10% of 1-phenylethanol and 18% of 5-methyl-1-phenylhexan-1-one were detected by GC in the crude reaction mixture.
On the other hand, in addition to benzyl alcohol, other primary alcohols could also be employed for the α-alkylation/reduction of acetophenone (entries 7-11). However, in these cases the yields were slightly lower and, in addition to the corresponding α-alkylated ketones, formation of 1-phenylethanol
Conclusions
In summary, in this work we have described the preparation and spectroscopic characterization of the first examples of ruthenium complexes containing a phosphino-oxime ligand, namely cis,cis,trans-[RuCl 2 {κ 6). In addition, the stereochemistry of the former has been unequivocally established by means of single-crystal X-ray diffraction techniques. On the other hand, the utility of these species in homogeneous catalysis has also been demonstrated. In particular, the octahedral complex 5 proved to be an efficient and broad scope catalyst for the rearrangement of aldoximes to primary amides, and for the synthesis of secondary aryl-carbinols by α-alkylation/reduction of acetophenone derivatives with primary alcohols. The results reported herein, along with our previous work with related palladium(II) systems, 2 support further studies on the coordination chemistry and catalytic applications of phosphino-oxime ligands, a field almost unexplored to date.
Experimental General methods
All the manipulations were performed under argon atmosphere using vacuum-line and standard Schlenk or sealed-tube techniques. Organic solvents were dried by standard methods and distilled under argon before use. 28 The corresponding aldoxime (1 mmol), water (3 mL) and complex 5 (0.039 g, 0.05 mmol) were introduced into a Tefloncapped sealed tube, and the reaction mixture stirred at 100 °C for the indicated time (see Table 2 ). The course of the reaction was monitored regularly taking samples of ca. 20 µL, which, after extraction with CH 2 Cl 2 (3 mL), were analyzed by GC. To isolate the amide products, whose identity was assessed by comparison of their NMR spectroscopic data with those reported in the literature, the solvent was eliminated under reduced pressure and the crude reaction mixture purified by column chromatography over silica gel using CH 2 Cl 2 as eluent.
General procedure for the catalytic α-alkylation/reduction of acetophenones with primary alcohols using complex 5
The corresponding acetophenone (1 mmol), the appropriate alcohol (3 mmol), KOH (0.056 g, 1 mmol) and complex 5 (0.016 g, 0.02 mmol) were introduced into a Teflon-capped sealed tube under an argon atmosphere. Toluene (1 mL) was then added at room temperature, and the resulting suspension heated at 120 °C for the indicated time (see Table 4 ). After this time, a sample of ca. 20 μL was taken and, after dilution with CH 2 Cl 2 (3 mL), analyzed by GC to determine the composition of the reaction mixture. To isolate the alcohol products, whose identity was assessed by comparison of their NMR spectroscopic data with those reported in the literature, the reaction mixture was diluted with Et 2 O (5 mL) and extracted with water (5 mL). The aqueous phase was extracted twice with Et 2 O (2 x 5 mL) and the combined organic phases washed with brine (5 mL). After removal of the volatiles under vacuum, the oily residue was purified by column chromatography (silica gel) using Et 2 O/hexane (1:20) as eluent.
X-Ray crystal structure determination of complex 5
Crystals of complex 5 suitable for X-ray diffraction analysis were obtained by slow diffusion of diethyl ether into a saturated solution of the complex in THF. The most relevant crystal and refinement data are collected in The software package WINGX was used for space group determination, structure solution, and refinement. 33 The structure was solved by direct methods using SIR92, 34 and refined by full-matrix least-squares on F 2 using SHELXL2014. 35 During the final stages of the refinements, all the positional parameters and the anisotropic temperature factors of all non-H atoms were refined. H atoms were geometrically located and their coordinates were refined riding on their parent atoms, with the exception of H1o, H2o, H7 and H27 which were found from the difference Fourier maps and included in a refinement with isotropic temperature parameters. One THF molecule of solvation per molecule of the complex was found in the asymmetric unit. The maximum residual electron density is located near to heavy atoms. 36 Geometrical calculations were made with PARST. 37 The crystallographic plots were made with ORTEP-3. 33 
